Introduction
The Notch signaling pathway plays key roles in regulating cell fates and morphogenesis via the juxtacrine interactions of specific ligands to the Notch receptors (Artavanis-Tsakonas et al., 1999) , all of which are transmembrane proteins with a large extracellular domain consisting of epidermal growth factor (EGF)-like repeats. The activation of Notch signaling is initiated by ligand binding to the Notch receptors, which induces a series of proteolytic cleavages of the Notch receptor by the c-secretase complex, resulting in the release of the Notch intracellular domain (NICD) (Mumm et al., 2000) . The NICD then translocates to the nucleus, where it binds to the transcriptional regulator RBP-Jk, thus disrupting the RBP-Jk/ co-repressor complex and promoting the assembly of the RBP-Jk/co-activator complex, which activates the transcription of downstream target genes (Jarriault et al., 1995) .
In addition to the four Notch receptors (Notch1-4) and five ligands (Delta-like-1, 3, 4 and Jagged-1, 2) that have been identified in vertebrates, there are many auxiliary factors through which Notch signaling is tightly regulated during embryogenesis (Bray, 2006) . One of these factors, Fringe, was first identified as a gene implicated in the dorsal-ventral boundary formation of the wing imaginal disc in Drosophila, and has been further shown to modulate the interaction of the Notch receptors with their ligands (Irvine and Wieschaus, 1994; Panin et al., 1997) . Thereafter, it was demonstrated that Fringe is a b1 O-fucose residues on the EGF repeats of the Notch receptors (Moloney et al., 2000a) . Furthermore, it has been demonstrated that mouse Notch1 is modified by O-fucose, and that this modified form is a tetrasaccharide: Sia-a2,3-Gal-b1,4-GlcNAc-b1,3-Fuc-a1-O-Ser/Thr (Moloney et al., 2000b) .
The enzyme that catalyzes the O-fucosylation of Notch, Protein O-fucosyltransferase 1 (Pofut1), was first purified from Chinese hamster ovary (CHO) cells, and the corresponding gene was then identified (Wang et al., 2001 ). Homologs of this gene have since been found in mice, Drosophila, and Caenorhabditis elegans. The function of this gene was first examined in Drosophila, the results of which suggested that O-fut1, the fruit fly homolog of Pofut1, is implicated in Notch signaling (Okajima and Irvine, 2002) . Thereafter, it was shown that Ofut1 is essential for Notch-Delta interactions in Drosophila (Okajima et al., 2003; Sasamura et al., 2003) . However, another model was also proposed suggesting that O-fut1 has a Notch chaperone activity and is required for the trafficking of the Notch receptor during its exit from the endoplasmic reticulum (ER) (Okajima et al., 2005) . On the other hand, further evidence has recently indicated that the Notch receptor is successfully transported to the plasma membrane even in the absence of O-fut1, but is not relocated to the sub-apical complex and adherence junction by transcytosis, as is the case in wild-type embryos, and thus accumulates in the cytoplasm in O-fut1 negative cells .
To investigate the function of Pofut1 in Notch signaling in mice, we have disrupted this gene by generating a conditional knockout mouse (Fig. S1 ). The embryos completely lacking Pofut1 died at embryonic day (E) 9.5 with severe morphological defects that were similar to those of the RBP-Jk mutants. This suggests that Pofut1 is essential for Notch signaling in mice, as shown also in a previous report (Shi and Stanley, 2003) . However, the molecular cascade leading to these defects remains largely unknown. In our current study, we demonstrate that Pofut1 acts upstream of the NICD and that most of the Notch proteins accumulate in the ER in the presomitic mesoderm (PSM) of Pofut1-null embryos. We further propose a model from our current findings that the accumulation of Notch in the ER may be mediated by caveolin-dependent endocytosis.
Results

2.1.
The Pofut1-null mouse shows a similar phenotype to the RBP-Jk null mouse
We first analyzed the null phenotype of the Pofut1 knockout mouse. Pofut1 À/À embryos obtained at embryonic day 9.5 (E9.5) showed growth retardation and died by E10.0 with severe morphological defects ( Fig. S2A and B) . The major defects were observed in the somites, the neural tube, the blood vessels and the heart, as reported previously (Shi and Stanley, 2003) . These phenotypes were most similar to those of the RBP-Jk null embryos (Oka et al., 1995) , which are known to lack the Notch signaling pathways mediated by most of the Notch receptors and their ligands. During heart formation, there are two dynamic morphogenesis, valve formation and trabeculation, which are known to be regulated by Notch signaling (Grego-Bessa et al., 2007; Timmerman et al., 2004) . The early heart tube is composed of myocardial and endocardial cell layers and the valve formation is initiated by epithelial-mesenchymal transition (EMT) of endocardial cells in atrio-ventricular canal and outflow tract regions at about E9.5. Trabeculae is highly organized sheets of cardiomyocytes lined by endocardial cells and represent the first characteristic sign of ventricular differentiation, which become part of papillary muscles, the interventricular septum, and cardiac conduction system cells. Cardiac development in the Pofut1 À/À mice was found to be severely affected in valve formation, which is characterized in the lack of mesenchymal cells as seen in RBP-Jk null embryos (Timmerman et al., 2004) , and embryonic development was arrested at E9.0 ( Fig. S2C and D) . To further analyze the role of Pofut1 in mouse cardiac development, we employed a tissue-specific conditional knockout strategy as described below.
Defects in heart-specific Pofut1 knockout embryos
To specifically knockout the Pofut1 allele in heart precursor cells in the mouse embryo, we utilized the Mesp1-cre mouse that expresses Cre recombinase in the early mesoderm cells that contribute to the cardiovascular lineages (Saga et al., 1999) . When evaluating the phenotype of the resulting heart-specific Pofut1 knockout embryos, we applied the same analysis to the RBP-Jk conditional knockout mice as a control, since it has been demonstrated that RBP-Jk acts downstream of NICD1. Since Notch1 and Dll4 mRNA are known to be expressed in the endocardium (Timmerman et al., 2004) , we used a reporter system to analyze whether Cre recombinase deleted the Pofut1 or RBP-Jk genes from most of the cardiac cell lineages, including the endocardial cells. We confirmed that Pofut1 and RBP-Jk were indeed specifically disrupted in the cardiac cell lineages of our conditional knockouts ( Fig.  1G-I) . Moreover, the cardiovascular-specific Pofut1 knockout (Pofut1 cKO) embryos survived a little longer than their nulltype counterparts and displayed segmented somites (Fig.  1A , B and A 0 , B 0 ). A milder phenotype was also observed in the conditional RBP-Jk knockout mice generated using Mesp1-cre ( Fig. 1C and C 0 ) when compared with the corresponding null embryos. The conditional knockouts in this case still showed valve formation defects due to the lack of an EMT and also defective trabeculae ( Fig. 1D-F) . We speculated that the above abnormalities must be caused by the lack of Notch signaling in the endocardium, as similar defects have also been observed in endocardiumspecific RBP-Jk knockout embryos (Grego-Bessa et al., 2007) . We thus performed double staining of these knockout embryos with endocardial (PECAM-1) and myocardium (Myosin) markers to further analyze trabeculae formation (Fig. 1J-L) . In the wild-type mouse heart, the trabeculae extend to the inner space of the ventricle from the compact layer, which is lined by endocardial cells (Fig. 1J ). However in both Pofut1 and RBP-Jk cKO embryos, we found that the trabecular layers were underdeveloped and that the endocardial layers appeared to be abnormally detached from the myocardial layers ( Fig. 1K and L) . This supported the idea that Notch signaling is required for trabeculation through the coordination of inter-actions between the endocardial and myocardial cells (GregoBessa et al., 2007) .
2.3.
Pofut1 acts upstream of NICD1
As described above, the function of Pofut1 is essential for Notch signaling. However, it remained unclear how this protein functioned during Notch signaling in mice. To address this question, we conducted epistatic analyses of Pofut1 in the Notch signaling pathway. For this purpose, two mouse lines were used; Mesp1-Cre, and CAG-CAT-NICD1 that constitutively expresses Notch1 intracellular domain (NICD1) after the excision of floxed CAT gene by Cre recombinase. We have previously reported that the forced expression of NICD1 in /CAG-CAT-NICD1 mice (Fig.  S3) . Moreover, the same analysis can be applied to the RBP-Jk conditional knockout mice as a negative control, since it has been shown that RBP-Jk acts downstream of NICD1.
The embryos with a forced expression of NICD1 in the Pofut1 cKO background (Pofut1 cKO/NICD1) showed myocardial defects ( Fig. 2B and B 0 ) that were similar to the control/NICD1 embryo ( Fig. 2A and A 0 ). On the other hand, such defects were not observed in the embryos that overexpressed NICD1 in the RBP-Jk cKO background (RBP-Jk cKO/NICD1) ( Fig. 2C and C 0 ).
This result was expected, given that RBP-Jk acts downstream of NICD1. Moreover, it was noteworthy that the defects in trabeculae formation were partially rescued in the Pofut1 cKO/ NICD1 embryos, but not in the RBP-Jk cKO/NICD1 negative controls ( Fig. 2D -F 0 ). To further define whether the myocardial defects observed in the Pofut1 cKO/NICD1 embryos were a consequence of the activation of Notch signaling, we examined Hesr1 expression in the myocardium, as this is one of the downstream target genes of Notch signaling ( Fig. 2G-N ). The expression of Hesr1 was found to be restricted to the atrium of the wild-type embryo (Fig. 2J and N) , which appeared to be Notch signaling-independent since the expression remained in the RBP-Jk cKO embryo ( Fig. 2I and M). In control/ NICD1 embryos, however, Hesr1 was observed to be ectopically induced in the ventricle ( Fig. 2G and K), which was also observed in Pofut1 cKO/NICD1 embryos ( Fig. 2H and L), indicating that NICD can function in the absence of Pofut1. In contrast, this expression pattern was not observed in RBP-Jk cKO/NICD1 embryos ( Fig. 2I and M). These results thus clearly demonstrate that Pofut1 functions upstream of NICD1.
Notch1 receptor is abnormally accumulated in the cytoplasm of Pofut1-null PSM cells
Our initial results suggested that Pofut1 is involved in the upstream events of Notch1 cleavage (NICD1 production). This gave rise to several possibilities regarding the role of Pofut1 in the function of the Notch receptor, i.e. Pofut1 may affect the localization of Notch1, or the Notch ligand binding and subsequent processing of the Notch receptor. In this regard, previously reported evidence indicates that the cellular localization of the Notch receptors is affected in the absence of a functional O-fut1 in Drosophila (Okajima et al., 2005; Sasaki et al., 2007; Sasamura et al., 2007) .
To investigate the in vivo localization of Notch1 in the mouse embryo, we focused on the anterior PSM as the functional relevance of Notch signaling has been well documented during mouse somitogenesis (Saga and Takeda, 2001 ). We first examined whether Notch1 is localized at the cell membrane in the Pofut1-mutant by utilizing the CAG-Lyn-mRFP transgenic mouse that ubiquitously expresses mRFP tethered to the cell membrane ( Fig. 3A-H) . In the control CAG-Lyn-mRFP mouse embryo, Notch1 signals appeared in a punctate fashion in both the cytoplasm and cell membrane, and some of these signals colocalized with Lyn-mRFP (Fig. 3A-D) . In contrast, the Notch1 expression level appeared to be increased in the Pofut1-null embryo, but almost all of these signals were observed in the cytoplasm and did not merge with mRFP ( Fig.  3E-H) .
These results were supported by our double immunostaining analysis with the Notch ligand Dll1 ( Fig. 3I-P) . In wild-type PSM cells, Dll1 signals were observed uniformly on the cell surfaces and a punctate distribution in both cell membrane and cytoplasm, as recently reported (Fig. 3K) (Geffers et al., 2007) . Furthermore, colocalization with Notch1 was often observed for this punctate staining, which are predominantly localized on or nearby cell membrane (Fig. 3L) . On the other hand, no clear merging of these signals with Notch1 was detectable in the Pofut1-null embryo ( Fig. 3M-P) . We also observed a decrease of the cytoplasmic Dll1 punctate in the Pofut1-null embryo, although Dll1 signals were distributed on the cell surface. These results indicate that the colocalized punctate signals we detected might reflect a normal process of Notch signaling, although the functional significance of this remains elusive. Hence, Notch1 appears to accumulate in the cytoplasm in the Pofut1-null embryo, which may cause its inability to activate Notch signaling.
Notch1 is accumulated in the ER of Pofut1-null PSM cells
We wished to address the important question of where Notch1 accumulated in the cells of the Pofut1-null embryos. The intracellular signals observed may represent molecules in the process of trafficking to the membrane or endocytosis. Since several molecular probes are available for the subcellular localization analysis of the cellular machinery, we first examined the exocytotic pathway. Pofut1 has been suggested to be localized in the endoplasmic reticulum (ER) where it modifies the EGF repeats of the Notch1 protein in cultured cells (Luo and Haltiwanger, 2005) . The modified Notch1 proteins are then believed to be transported to the Golgi apparatus for further sugar modification by other glycosyltransferases, such as Lunatic Fringe in the case of the mouse. In addition, it has also been suggested that Notch receptor is cleaved during transport through the Golgi apparatus at a site corresponding to the amino-proximal part of transmembrane domain (S1 cleavage) (Blaumueller et al., 1997) . This facilitates the formation of a heterodimeric Notch receptor consisting of extracellular and transmembrane/intracellular fragments. We used an anti-KDEL antibody to detect the ER and an anti-GM130 antibody as our Golgi apparatus marker but found that Notch1 did not show any clear colocalization with either the ER or Golgi in the wild-type embryo (Fig. 4A-E , K-N, and S4A). However, strong signals that merged with the ER could be observed in the Pofut1-null embryo (Fig. 4F-J and S4B ), indicating that Notch1 is likely to be accumulated in the ER in the absence of Pofut1 function. These results may thus indicate that Pofut1-null cells fail to export the Notch1 protein through the Golgi network to the cell surface, thus leading to abnormally accumulated Notch1 in the ER. Interestingly, however, not all of the intracellular signals in the Pofut1-null embryos were found to have merged with the ER marker ( Fig. 4I and  J) , but the remaining signals had not merged with the Golgi marker in these knockout embryos (Fig. 4O-R) . This result indicates that the Notch receptor may be accumulated via mechanisms other than the exocytotic pathway. This idea is partly supported by western analysis of Notch1 at E8.5 and E9.5, before and after the growth retardation observed in the Pofut1 À/À embryo (Fig. S5) . Since the Notch receptor is cleaved during transport through the Golgi, as mentioned above, most of the Notch1 protein detected in the control embryos is the cleaved form. Intriguingly, however, immunoblotting of whole embryo extracts demonstrated that some Notch1 cleavage does occur in Pofut1 À/À embryos (Fig. S5) . Hence, we speculate that a portion of the Notch1 proteins are cleaved In contrast, normal expression in the atrium (white arrowheads) is observed in the RBP-Jk cKO embryo under the forced expression of NICD1 (I, M), similar to that of wild-type heart (J, N). ra, right atrium: la, left atrium; rv, right ventricle; lv, left ventricle.
and transported to the cell membrane first, but are then actively incorporated into the cytoplasm by the endocytotic pathway.
A possible involvement of the caveolin-dependent pathway in the localization of Notch1
A further question that emerges is which of the endocytotic pathways are involved in the incorporation of Notch1 in the Pofut1 À/À embryo. It has been reported that the clathrin-dependent endocytotic pathway is involved in several steps of Notch signaling, which include the recycling of the Notch receptor, and the trans-activation and cis-inhibition of Notch signaling (Gupta-Rossi et al., 2004; Sakata et al., 2004; Wilkin et al., 2004) . We thus analyzed the clathrindependent pathway in the Pofut1-null embryo using antitransferrin receptor (TfR) antibody (Fig. 5A-H) , as it is well known that TfR is associated with this pathway and is recycled from cell surface through the early and recycling endosome (Motley et al., 2003) . We confirmed colocalization of Notch1 protein with TfR in the wild-type cells (Fig. 5A-D) . Interestingly, although a small portion of the Notch1 receptor signals was found to merge with the TfR signals, majority of intracellular signals were not merged in the Pofut1-null embryo ( Fig. 5E-H) , indicating that the clathrin-dependent endocytotic pathway is not involved in the accumulation of Notch1 in the Pofut1-null mutant cytoplasm. Recently, several clathrin-independent pathways have been described that are involved in the internalization of various membrane proteins and the caveolin-dependent pathway is one such example (Razani et al., 2002) . Interestingly, in our present experiments we could observe some vesicles in the cytoplasm of wild-type PSM cells which were positive for both Notch1 and caveolin signals (Fig. 5I-L) . Furthermore, much stronger merged signals were clearly detectable in the Pofut1-null PSM ( Fig. 5M-P) . This indicates that the caveolin-dependent endocytotic pathway is involved in the normal trafficking of the Notch1 receptor. In addition, these data also suggest that a portion of the Notch1 receptor proteins may be transported to the cell membrane in the absence of Pofut1, and accumulate in the intracellular vesicles as a result of elevated endocytosis via a caveolin-mediated mechanism.
Discussion
Our current data show that Pofut1 plays an indispensable role in Notch signaling. However, the biochemical characteristics of Pofut1 and its exact biological functions in the Notch receptor pathways have yet to be determined. It has been proposed that the O-fucose modifications alter the affinity of the Notch receptor for their ligands in Drosophila (Okajima et al., 2003; Sasamura et al., 2003) . As a first step towards a greater understanding of the function of Pofut1 in Notch signaling in the mouse, we thus examined the epistasis between Pofut1 and NICD1. As expected from previous studies in Drosophila (Okajima and Irvine, 2002; Sasamura et al., 2003) , our present findings strongly suggest that Pofut1 acts upstream of NICD1 (Fig. 2) . Furthermore, the myocardial defects induced by the forced expression of NICD1 were found to be accompanied by ectopic Hesr1 expression in the ventricle, even in the Pofut1-mutant embryos (Fig. 2H and L) , suggesting that Pofut1 has no effects downstream of NICD1.
3.1.
Notch1-Dll1 interactions and subsequent processing do not occur in cells of the Pofut1-null PSM We succeeded for the first time in this study in detecting the colocalization of Notch1 and Dll1 as punctate signals in the PSM by using antibodies against the Notch1 intracellular domain and Dll1 extracellular domain (Fig. 3I-L) . Since most of the cells in PSM express both Notch1 and Dll1, there could be several ways to interpret these signals. For example, if the merged signals are due to trans-interaction of Notch1 and Dll1, they might indicate the activation of Notch signaling. On the other hand, if these signals reflect cis-interactions, they may be suggestive of a down-regulation of Notch receptor expression. It would be difficult to distinguish these, however, it is reported that the clustering of Notch receptors is observed as punctate signals at the sites of cell-cell contact only when Notch-expressing cells are co-cultured with Dll1-expressing cells and it promotes Notch proteolysis, which indicates that the punctuate signal may represent a transinteraction of Notch1 and Dll1 required for signal activation (Nichols et al., 2007) . Consistent with this report, the colocalization of these proteins was only observed as a series of punctate signals on or near to the cell membrane. Hence, the loss of such signals that we observed in the Pofut1 À/À embryo may imply a lack of interaction for Notch activation, although we cannot exclude the possibility that cis-interactions occur. In addition to the colocalization of Notch1 and Dll1, we also found Dll1 to be localized both at the cell membrane and in a punctate distribution pattern in the PSM (Fig.  3K) . Moreover, in this instance only the punctate signals are reduced, leaving intact Dll1 signals at the cell membrane in the Pofut1-null embryo (Fig. 3O) . There are several possible explanations for this finding. Dll1 is known to be endocytosed, which after ligand-receptor interaction is essential for Notch signaling (Nichols et al., 2007) . Therefore, some of these punctate signals may represent endocytosed Dll1. If this is indeed the case, the loss of punctate Dll1 signals observed in the Pofut1 À/À embryo may be a consequence of a lack of ligand-receptor interactions. On the other hand, Dll1 is also known to be a substrate for Pofut1 (Panin et al., 2002) . Hence, Pofut1 might affect the punctate localization of Dll1 in mouse PSM cells, although it is known that Delta and Serrate are normally localized at the cell membrane and not affected even in O-fut1 mutant cells in Drosophila (Okajima et al., 2005; Sasaki et al., 2007) . To address these issues, it will be necessary in future studies to determine the subcellular localization of Dll1 pancta and examine the requirement of Pofut1 and Notch1 for its formation. We further observed the colocalization of Notch with TfR (indicating clathrin-dependent endocytosis) in the wild-type PSM. The clathrin-dependent pathway has been implicated in Notch signaling previously, an example being the clathrin-dependent endocytotic accessory protein Epsin, which was found to be essential for Notch signaling in signal-sending cells (Wang and Struhl, 2004) . In addition, the clathrindependent pathway appears also from previously reported evidence to be involved in two opposing events in signalreceiving cells, the down-regulation and activation of Notch signaling. Nedd4 and Su(Dx), both E3 ubiquitin ligases, seem to act as negative regulators of Notch signaling by promoting the degradation of Notch receptor via this pathway (Sakata et al., 2004; Wilkin et al., 2004) . On the other hand, the clathrin-dependent pathway has also been implicated in the processing of Notch receptor via c-secretase (Gupta-Rossi et al., 2004) . Hence, the colocalization of Notch with TfR that we observed in the wild-type PSM may represent either degradation or processing of Notch receptors by c-secretase. We observed significant reduction of merged signals in the Pofut1-null PSM cells ( Fig. 5A-H) . Although we cannot definitely distinguish which pathway was affected in Pofut1-null PSM cells, we assume that the lack of Notch signaling activity is partly due to the reduction of Notch1 in the clathrin-dependent pathway.
3.2.
The mechanism underlying Notch1 accumulation in the ER of Pofut1-null cells
We found from our observations in mouse PSM cells that the lack of Pofut1 resulted in the accumulation of Notch1 in the cytoplasm (Fig. 3) , consistent with previous findings in Drosophila (Okajima et al., 2005) . This is undoubtedly the major reason why Notch signaling is completely lost in the Pofut1-null embryo. There have been two proposals put forward to account for the intracellular accumulation of Notch under these circumstances: one group have suggested that O-fut1 possesses chaperone activity which is independent of its enzymatic activity, and that the lack of this protein therefore results in the accumulation of the immature form of Notch1 in the ER prior to transportation to the cell membrane (Okajima et al., 2005) . Another laboratory has demonstrated that the Notch receptor is transported to the cell surface even in the absence of O-fut1, but is then quickly incorporated into the cytoplasm by transcytosis and accumulates in the vesicles that could not always be identified as the ER Sasamura et al., 2007) . In either case, Notch receptor is accumulated in the cytoplasm and can not interact with Notch ligands.
Our current results indicate that the largest proportion of the cytoplasmic Notch1 proteins colocalizes with the ER marker anti-KDEL, but that substantial amounts of these proteins also merge with caveolin (Figs. 4F-J and 5M-P). The immunoblotting of whole embryo extracts also revealed that a portion of the Notch1 proteins in Pofut1 À/À embryos is cleaved and might be transported to the cell surface (Fig. S5) . These results raised an interesting possibility regarding the cytoplasmic accumulation of Notch receptor. Although caveolin has been implicated in endocytosis, transcytosis, and numerous signal transduction events (Razani et al., 2002) , there are no reports indicating a link between this factor and the Notch signaling pathway. We thus propose for the first time that Notch receptors may internalize via a caveolin-dependent pathway, in addition to the clathrin-dependent endocytotic pathway. More importantly, the caveolin-dependent pathway appears to be stimulated in the absence of Pofut1. Hence, the uncharacterized vesicles observed previously in Drosophila O-fut1 mutant cells may well be endocytotic vesicles mediated by caveolin rather than clathrin. Moreover, it has been also demonstrated that the transport pathway for the SV40 virus from the plasma membrane to the ER is mediated by caveolin (Pelkmans et al., 2001) . We thus speculate that Notch receptor proteins that are endocytosed by caveolin may also be transported to the ER. Although our present results support the idea that Notch receptors can be transported to the cell membrane in the absence of Pofut1, they do not exclude the possibility of a chaperoning function of Pofut1, as a large proportion of the Notch1 proteins were found to have accumulated in the ER in Pofut1-null mutants. Further analyses will be required to fully address the issues of whether the caveolin-mediated Notch vesicles are transported to the ER or not, and if Pofut1 has functions that are separate from its enzymatic activity.
4.
Experimental procedures
The generation of a conditional knockout allele of Pofut1
Pofut1 genomic DNA fragments were isolated from the BAC clone RP-23-111A22 that contains the entire gene. For conditional targeting, the vector was designed with a floxed Pofut1 exon1 and the PGK-neo cassette flanked with FRT sequences and it was replaced with exon1 (Fig. S1A) . The targeting vector was linearized by NotI and used for the electroporation of TT2 embryonic stem (ES) cells. Subsequently, these ES cells were selected by G418 (0.15 mg/ml). To examine for homologous recombination, the neomycin resistant ES cell clones were first screened by PCR using the primes PGK-R (5 0 -CTA AAG CGC ATG CTC CAG ACT-3 0 ) and SA-R1.2 (5 0 -CCT GCA TGT TAC CTC CAC C-3 0 ) (Fig. S1A) . Genomic DNAs from G418-resistant clones were digested with HindIII and XhoI and analyzed by Southern blot analysis using a 1.7 kb 5 0 probe (Fig. S1B) . To generate chimeric mice, each of these clones was aggregated with 8-cell stage embryos. Germ-line transmission was subsequently confirmed in chimeric mouse lines derived from two independent targeted ES cells. The PGK-neo cassette was removed by crossing the established knockout mouse with the Flp mouse and the null-type allele was generated by a cross with the CAG-Cre mouse (Fig. S1) . The Flp mice, CAG-Cre mice, Mesp1-Cre mice, CAG-CAT-NICD1 mice, RBP-Jk conditional knockout mice, and R26 reporter mice have been described previously (Dymecki and Tomasiewicz, 1998; Saga et al., 1999; Sakai et al., 1995; Soriano, 1999; Tanigaki et al., 2002; Watanabe et al., 2006) . A CAGLyn-mRFP transgenic mouse line was established by injection of a vector composed of a CAG promoter and the cDNA of mRFP (kindly provided by Dr. Roger Tsien (Campbell et al., 2002) ) fused with a sequence encoding the first N-terminal 15 amino acids of Lyn. Mice were genotyped by PCR analysis of either tail or yolk sac DNA. The primers used for the genotyping of the Pofut1 mice were: LA-4.9, (5 0 -CCA TTG TGC GGT GCA TTG TG-3 0 ); cprb-L1, (5 0 -GCA CTC TGG GGC TCT GCC GT-3 0 ); and SA-R0.01, (5 0 -CTG TAC CCA GGC AAG TAG GG-3 0 ); and for RBP-Jk were RBP-J(WT1), (5 0 -GTT CTT AAC CTG TTG GTC GGA ACC-3 0 ); RBP-J(WT2), (5 0 -GCT TGA GGC TTG ATG TTC TGT ATT GC-3 0 ); and PGK-R3, (5 0 -GAT GTG GAA TGT GTG CGA GG-3 0 ). The primers used for the genotyping of Cre mouse lines were Cre1, (5 0 -GGA CAT GTT CAG GGA TCG CCA GGC G-3 0 ); and Cre2, (5 0 -GCA TAA CCA GTG AAA CAG CAT TGC TG-3 0 ); for the Rosa26 reporter were Rosa-2, (5 0 -GCG AAG AGT TTG TCC TCA ACC-3 0 ); Rosa-3, (5 0 -GGA GCG GGA GAA ATG GAT ATG-3 0 ); and Rosa-4, (5 0 -AAA GTC GCT CTG AGT TGT TAT-3 0 ); for CAG-CAT-NICD1 were CAT2, (5 0 -CAG TCA GTT GCT CAA TGT ACC-3 0 ); and CAT3, (5 0 -ACT GGT GAA ACT CAC CCA-3 0 ); and for CAG-LynmRFP were RFP-F1, (5 0 -ACG AGT TCG AGA TCG AGG-3 0 ); and RFP-R1, (5 0 -CAG CCT CAT CTT GAT CTC G-3 0 ).
Histological analyses
For histological observations, hematoxylin and eosin staining was conducted on paraffin sections (6 lm). In situ hybridization analyses were then performed using digoxigenin-labeled antisense cRNA probes (Roche) for Hesr1. The InsituPro system (M&S Instruments) was used for whole-mount in situ hybridization according to the manufacture's instructions. For section XGal staining, embryos were fixed in 2% formaldehyde in PBS for 1 h at 4°C, followed by three washes with PBS for 10 min at 4°C, cryoprotection in 30% sucrose in PBS overnight at 4°C, and embedding in OCT compound (Tissue Tek). Cyostat sections (7 lm) were then cut and affixed to MAS-coated glass slides (Matsunami Glass). The staining was carried out at 37°C in PBS containing 0.5 mg/ml X-Gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , and 0.02% NP-40. For immunostaining, embryos were removed by cesarean dissection and immediately immersed in 4% PFA/PBS at 4°C, cryoprotected in 30% sucrose in PBS overnight at 4°C, and embedded in OCT compound (Tissue Tek). The sections were blocked in PBS containing 10% normal donkey serum (Chemicon) for 1 h at room temperature and incubated overnight at 4°C in a mixture of the following primary antibodies in blocking solution: anti-Myosin (Skeletal, Slow) (Sigma), anti-CD31 (PECAM-1) (BD Biosciences), anti-Notch1 (Chemicon), antiDll1 (generous gift of G. Weinmaster), anti-RFP (MBL), anti-KDEL (Stressgen), anti-GM130 (BD Biosciences), anti-transferrin receptor (ZYMED Laboratories) and anti-caveolin (BD Biosciences). After the sections were washed three times in PBS, they were incubated in PBS with a mixture of Alexa 488-(Molecular Probes) and Cy3-(Jackson Laboratories) conjugated secondary antibodies (Molecular Probes) for 1 h at room temperature. After further rinsing in PBS, the sections were mounted and examined using a scanning-laser confocal imaging system (Zeiss LSM510), or with an Olympus BX fluorescence microscope system and an ORCA-ER digital camera (HAMAMATSU photo) with MetaMorph software (Universal Imaging).
